A "Computational Design Engine" for multi-disciplinary design and optimisation of aeronautical products, specially tailored to the need s of a multi-model, multi-level, multi-site environment, is described. The system is illustrated with an application to the Breguet range optimisation of a Blended Wing Body configuration. The contents of this report may be cited on condition that full credit is given to NLR and the authors. -3 -NLR- TP-2003-193 Summary A "Computational Design Engine" for multi-disciplinary design and optimisation of aeronautical products, specially tailored to the needs of a multi-model, multi-level, multi-site environment, is described. The system is illustrated with an application to the Breguet range optimisation of a Blended Wing Body configuration.
Structural Mechanics (structural weight, flexible deformations) and Aerodynamics and its effect on flight characteristics are modeled. Additionally, the coupling between centre of mass and the centre of aerodynamic force ("trim"), which is crucial to a tailless aircraft concept, is taken into account in all disciplines.
-8 -NLR- TP-2003-193 Results are shown for the CDE system being applied to the Breguet range optimisation of the BWB configuration under assumption of constant Maximum Take-Off Weight (MTOW). Both the aerodynamics discipline (lift over drag ratio in transonic cruise) as well as the structural mechanics discipline (structural weight) contribute directly to the overall design objective. The Flight Mechanics discipline brings constraints on the centre of gravity margin to intolerable flight characteristics. 
Optimisation Strategy
The optimisation strategy is based on a multi-level approach with a multi-disciplinary aircraft design task on the global level and a structural design task on the local level. The global level comprises only those design parameters which impact all disciplines; typically a limited set of (e.g. planform) parameters. On a local structural level several hundred groups of FEM-element thicknesses are used as design variables.
For the global level design task a Response Surface (Ref. 2) strategy is preferred over gradient based optimisation schemes. Reasons for this are threefold. First, most analysis modules do not have sensitivity analysis capabilities which is required for efficient gradient based optimisation.
Secondly, the opportunity to relax the timing of the various tasks over the multiple sites, partners and disciplines. This opens ways to efficient parallel processing. At last, the number of global design variables is small, making scanning the design area affordable. A response surface represents the shape of the objective and constraint functions in the design space and thereby provides excellent means to visualize the trade-offs between the various disciplines.
Inside the local structural design task the situation is different. Sensitivity information is available. Moreover, the number of design variables is such that gradient based optimisation is more effective.
A response surface methodology requires evaluation of properties of aircraft variants at a priori selected points in the design space, Ref. The CDE itself consists of a collection of UNIX shell scripts and executable programs made available by the contributing partners. In order to link all these scripts and all the computers on different networks across Europe, the middleware system SPINEware (Ref.
3) is used. Additionally SPINEware serves as a graphical user interface enabling the designer to use the CDE and concentrate on the design problem instead of hardware and software issues.
The following sections provide information on the individual CDE modules and show analysis results of the Cranfield University designed Blended Wing Body (BWB) reference aircraft which serves as point of departure for the subsequent optimisation process (Chapter 4).
Geometry Generation
The Geometry Module is responsible for defining the internal (structural) and external (aerodynamic) shape of the configuration as well as the location of the aircraft systems. It accepts parametric inputs (i.e. values for wing sweep, wing area, wing aspect ratio etc.) through which it interfaces to the Experiment Setup module of Figure 1 .
Geometry modeling for the Blended Wing Body configuration is performed by the University of Delft using ICAD, Ref. 4 . The data describing the external shape is delivered as a set of points.
The internal structure is delivered as IGES files. Information on the location and mass of the aircraft systems is provided in an ASCII table.
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Weight and Balance
The Weight and Balance module is responsible for keeping a record of all items contributing to the weight of the aircraft. The flight mechanics and aerodynamics disciplines require additional knowledge in terms of centre of gravity location and moments of inertia. Items are classified according to:
Nonstructural Items comprise items not belonging to the primary aircraft structure (e.g. systems). Saab provided a methodology based on conceptual design methods to estimate the weight of the various components (for most items, this is simply a fraction of MTOW).
The total nonstructural mass for the BWB reference configuration is Ï ÒÓÒ×ØÖÙ ØÙÖ Ð = 65158 kg. Figure 3 Fuel stored in two body trim tanks and in the main wing tanks. A fuel scheduler controls the filling and draining of tanks to ensure control over the aircraft centre of gravity. The distribution of fuel is different for each individual loadcase driving the various disciplines, Figure 5 shows an example. Available trip fuel weight (TFW) is computed as the difference between MTOW and the sum of nonstructural weight, structural weight, and payload weight. For the BWB configuration, MTOW is fixed at Ï Å Ì Ç Ï = 371280 kg, hence trip fuel weight for the reference configuration is Ï Ì Ï = 135878 kg.
The Weight and Balance module is assigned the task to assemble the individual mass components into critical loadcases. For each loadcase, a full set of information comprising mass, centre of gravity, moments of inertia, flight condition etc. is generated and written to the CDE database.
This data presents the driving scenario for the subsequent analysis disciplines for assessment of aerodynamic cruise performance, structural weight, and aircraft controllability.
Structural Optimisation
The Structural Optimisation module is responsible for sizing the primary structural elements of the configuration such that it can withstand all loads that may occur during the lifetime of the aircraft.
The driving scenario is currently limited to a single load case: i.e. a +2.5G pull-up manoeuvre -12 -NLR- TP-2003-193 at sea-level altitude and Mach=0.50. The aircraft payload/fuel loading is configured such that the (wing) structure experiences maximum bending moments with minimal inertial relief: i.e. maximum payload, full body trim tanks, and empty wing tanks. The layout of the aircraft structure, including identification of surfaces, materials and design areas, is provided by the geometry module using ICAD. BAe-Systems defined a PCL script driven 
Aerodynamic Cruise Performance
The global-level optimisation objective, Breguet Range, calls for an evaluation of the configuration lift over drag (L/D) performance during transonic cruise (Section 3.6). The driving scenario is a mid-cruise flight condition at Mach=0.85, 35000 feet altitude in standard atmosphere conditions, maximum payload on board, half the trip fuel available in the wing tanks and empty body trim tanks. Tailless aircraft longitudinal trim, by means of deflecting partial-span trailing edge devices, does have a serious impact on the aerodynamic efficiency in cruise and needs to be accounted for in the analysis.
The most efficient prediction of aerodynamic drag is obtained using Navier-Stokes flow solvers operating on block-structured grids. The NLR ENFLOW system is used to provide this information for the BWB configuration. This system supports aeroelastic deformation (static and dynamic) and features a capability to incorporate pitching moment trim by means of mode shapes, Ref. 12.
Moreover, the ENFLOW system can be setup to operate fully autonomously without manual user interaction.
The first task to be performed is domain decomposition using the ENDOMO utility. This is initiated manually by decomposing the BWB reference aircraft surface into various domains. Using an electrostatic analogy, Ref. 13 , the 3D spatial block-boundaries for the BWB reference aircraft are automatically grown into 3D space. The resulting block-topology is mapped to all subsequent design variants using volume spline techniques, Ref. 14. Figure 9 provides an example.
The second task is multi-block grid generation using the ENGRID utility. ENGRID requires the user to specify the non-dimensional grid densities and grid stretchings along all block edges. This process is fully parametric, and once set up manually, can be applied in a robust and automated way to all aircraft variants. Figure 10 shows an example of the Navier-Stokes grid on the configuration surface and symmetry plane.
The third task is the definition of the mode shapes representing the trailing edge control surfaces which will be employed to trim the aircraft. Volume spline techniques are used to incorporate the control surface deflections into the configuration surface and 3D volume grid. the aerodynamic derivatives Ä« , Ñ« , Ä AE , Ñ AE under transonic conditions. The resulting drag coefficient is extracted from the surface pressure and friction distributions and lift over drag ratió Ä µ is returned to the CDE database. Figure 11 shows and example of the resulting surface pressure distribution for the BWB reference aircraft. The lift over drag ratio is Ä = 16.82.
Flight Mechanics
The flight mechanics module is responsible for the assessment of the longitudinal (in)stability and controllability of the BWB aircraft for all weight and centre of gravity (Ü ) combinations that can occur (JAR/FAR/FAA certification requirement). As the most critical condition occurs at low dynamic pressure, a low-speed approach flight scenario drives the flight mechanics assessment.
This evaluation comprises open-loop as well as closed-loop analysis.
The Weight and Balance discipline provides the mass distribution of the various aircraft components. This information is used to build up an aircraft weight and balance envelope, Figure 12 , which shows the situation for the two limiting cases of zero-payload (in blue) and full-payload (in green). For the full-payload case, the wing tanks are used exclusively. For the zero-payload case, weights up to OEW + TFW are considered. In that case, the forward body trim tank (50 tons capacity) is used first, after which fuel carries over to the main wing tanks. Figure 12 shows how the aircraft actual centre of gravity is assessed versus the aircraft tolerable centre of gravity boundaries (in black) dictated by the flight mechanics constraints (discussed below).
Computing the tolerable centre of gravity range calls for information on the aerodynamic forces and moments for departures from equilibrium flight at low-subsonic speeds. This information is provided using panel methods by NLR (PDAERO) or Cranfield University (WINGBODY). The results are expressed as linear expansions of the non-dimensional lift coefficient ( Ä ) and pitching moment coefficient ( Ñ ). E.g. for the BWB reference aircraft these read (Ü ¿ ¿ ¾¾Ñ): With the available aerodynamic data, the flight mechanics discipline computes the neutral point (Ü ÒÔ ) and the tolerable forward as well as rearward centre-of-gravity (Ü ) boundaries according to five longitudinal assessment criteria ( Figure 12 illustrates these boundaries for the BWB reference aircraft). The first criterion applies to the take-off ground run for which a rotation speed Î Ö = 140 knots is taken as representative for a heavy-weight transport aircraft. The remaining criteria apply to an approach flight phase at 140 knots. Adopting the required 30 percent speed safety margin on approach, this implies that the aircraft must be operated safely down to Î Ñ Ò = 110 knots airspeed.
It is assumed that a full-authority flight control system (FCS) will not permit airspeeds below 110 knots, such that the certification requirement of demonstrating controllable handling up to the actual stall speed need not be demonstrated in the usual way. The five assessment criteria are: Take-off rotation control power at Î Ö 
The definition and implementation of appropriate lateral handling constraints for a Blended Wing
Body aircraft is on-going. The driving scenario will include take-off engine failure and crosswind landings. Preliminary analysis performed by Cranfield University revealed directional static instability at high angle-of-attack and rearward centre of gravity position.
Objectives and Constraints
Possible choices for the global-level optimisation objective are:
Direct Operating Cost
Breguet Range
The Direct Operating Cost option is probably the "ultimate" choice in which the cost is computed for a specified mission (i.e. to carry a fixed payload over a fixed range). Unfortunately, the associated cost function is driven by economical considerations/predictions and is not easily accessible. 
Application to Blended Wing Body Optimisation
The CDE is demonstrated using the Blended Wing Body concept as the driving scenario. The design task is to restore controllability while, at the same time, the Breguet range is to be maximised.
On the global level, 5 design parameters are released for optimisation; i.e. ½ wing-twist, ¾ wing-thickness, ¿ wing-sweep, fuselage-length, and fuselage-camber. On a local level, low-fidelity structural mechanics is used. This gives rise to 10 aircraft variants which were analysed by the CDE using a cluster of 4 Silicon
Graphics workstations each running upto 3 aircraft variants overnight. Re-using the data sets already available from the 1D design space explorations, this gives rise to 40 additional aircraft variants (indicated as aircraft variant numbers 12 through 51) which were analysed by the CDE again using a cluster of Silicon Graphics workstations running over a weekend.
From the resulting 2D combinations of design parameters, the designer starts building up knowledge on which combinations of design variables are most effective in reaching the design targets. For example, from all 10 2D design subspace combinations available, the combination of fuselage-camber versus wing-sweep and fuselage-camber versus fuselage-length ( Figure 14 ) are both equally effective in driving the design closer towards the feasible design space. Figure 15 shows the impact on the overall design objective (Breguet range). Figure 15 also illustrates the trade-offs between the structural weight changes and aerodynamic cruise Ä efficiency changes.
The conclusion from the 2D optimisation study is that controllability can be improved by shortening the fuselage and increasing the aft-camber of the fuselage profiles. The impact on the overall design objective (Breguet range) will be negative.
The data set of 51 aircraft variants allows to inspect all 10 3D design subspace combinations as well, although it is then no longer a full factorial approach. 
Conclusions and Outlook to the Future
A Computational Design Engine, or CDE, for multi-disciplinary design and optimisation specially tailored to the needs of a multi-model, multi-level, multi-site environment is designed and implemented. The objective of the CDE is to ensure continuity of information flow through the design stages from concept to main phase design using appropriate levels of fidelity of physical models. This is seen as an important contribution to minimise the non-recurring product development costs.
The system is demonstrated with an application to a Blended Wing Body configuration. The optimisation of this concept poses an interesting challenge due to the strong coupling of the various disciplines, which is inherent to a tailless concept. In early stages of aircraft design optimisation, the CDE was used to explore the various design subspaces which are most effective to bring the design into the feasible region. This is then followed by a more performance driven optimisation stage whereby more and more design variables are introduced.
In the near future, new analysis modules will be added to the CDE. These modules will either add new capabilities, or will substitute existing modules with new, higher fidelity, analysis capabilities. Examples are: high-fidelity structural mechanics including stiffness loop with aerodynamics, multi-level design of structural details, flutter analysis incorporating transonic corrections, lateral flight mechanics analysis, aircraft take-off aerodynamics in ground effect ... etc.
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